This paper presents the design, fabrication and testing of a new type of energy harvesting handrail. One uniqueness of the handrail energy harvester is that it has two working modes for collecting the energy excited by both vibration and pulling force during the operation. In order to enable good stability and anti-jamming ability for the energy harvester, a compound bridge-type compliant force amplifier is adopted and its parameters are optimized based on multi-objective genetic algorithm with finite-element analysis simulation. Analytical dynamic model is established for the piezoelectric device and the output power is calculated. A prototype harvester is fabricated for experimental investigation. Experimental results verify the effectiveness of the derived analytical model. Moreover, results show that the maximum power output is up to 150 µW under vibration excitation and 15 mW under random pulling force input. A series of the designed energy harvesters can be used to scavenge the energy generated by passengers in a bus or subway under different motion states.
I. INTRODUCTION
With rapid development of Internet of Things, more and more miniaturized and low-power electronic products have entered into our daily life. As compared with the traditional battery power-supply method, the use of energy scavenged from the ambient environment has emerged as a convenient and promising way to power miniaturized and low-power electronic devices [1] . Public buses and subways are the main approach of urban transportation, which provide sufficient energy sources for harvesting. Some energy harvesters have been reported to collect the vibration energy from moving vehicles [2] , [3] . As a tool of transporting passengers, the bus/subway not only offers vibration energy, but also provides human-movement energy. The motivation of the current research is to develop an energy harvester to be used with handrail in public vehicles for scavenging energy from vibration and force excitations.
The use of piezoelectric materials to scavenge energy from ambient vibrations and human activities has attracted extensive research [4] , [5] . For instance, Maiorca et al. utilized The associate editor coordinating the review of this manuscript and approving it for publication was Mahdi Zareei . two piezoelectric bistable cantilevers to generate voltage by responding anti-symmetrically for mechanical vibrations [6] . Sriramdas et al. proposed a multilayer and multistep cantilever beam type of piezoelectric harvester to enhance the performance of energy conversion efficiency [7] . To improve the efficiency of vibration energy harvester, researchers usually try to enhance the energy conversion efficiency by enlarging the operating bandwidth of energy harvesters [8] - [10] . More recently, much interest has been concentrated on collecting energy from human motion based on piezoelectric energy harvesting [11] . A kind of shoe-mounted piezoelectric energy harvester was reported in [12] , which can capture the energy from human walking by coupling a piezoelectric cantilever beam with a ferromagnetic ball and crossbeam. A wearable knee-joint piezoelectric energy harvester was presented in [13] to harvest energy from the movement of human knee-joint, which further integrates energy harvesting, power conditioning, and wireless sensing into a full system. The aforementioned energy harvesting devices all employed piezoelectric patches to convert mechanical energy into electrical energy based on d 31 effect. However, the piezoelectric patch cannot withstand excessive load force, and hence the scavenged energy density is relatively low. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
As compared with piezoelectric patch, piezoelectric stack has higher energy conversion efficiency based on d 33 effect. Generally, piezoelectric stack exhibits a higher stiffness and can bear a larger compressive force. Thus, it is expected to produce more power output [14] , [15] . Xu et al. reported that the energy produced by a piezoelectric stack is proportional to the square of the exerted force [16] . In order to fully exploit the benefit of the piezoelectric stack and further increase the output power, a force amplification frame can be used to amplify the force applied to the piezoelectric material [17] - [19] . However, the existing energy harvesters have only one working mode, i.e., to harvest environmental vibration energy or human movement energy separately. Actually, there is a mutual coupling between the human and environment in public vehicles, which exhibits different movement modes. For example, concerning the handrail in a bus/subway, it suffers from both mechanical vibration and pulling force, which are excited by the bus environment and human passenger, respectively. Therefore, the handrail can be used to collect the energy from both vibration and pulling force for improving the output power density in practical scenarios. Moreover, the handrail energy harvester can be easily installed on a bus/subway with high practicability.
To this end, a new energy harvesting handrail with two working modes is designed and developed in this work, which can collect not only the vibration energy during the driving of the bus, but also the pulling force energy produced by the passenger. The proposed energy harvesting handrail is composed of a bridge-type force amplifier with embedded piezoelectric stack and an outer protection frame. In experiments, an acceleration sensor was used to acquire the movement characteristics of the handrail during the bus driving. According to its characteristics, the parameters of the bridge-type force amplifier were optimized to achieve the most efficient energy transmission. Analytical modeling, simulation study, and experimental verification have been carried out to demonstrate the effectiveness of the proposed energy harvesting handrail.
The main contribution of the work lies in the design of a novel piezoelectric harvesting device for scavenging energy from both vibration and force excitations. It is notable that the bridge type of amplifier has been employed as a displacement amplifier [20] and a force amplifier [19] before. However, no attempt has been made towards the use of the bridge-type amplifier as an energy harvester with both vibration and force excitations in the literature. The remaining sections of the paper are organized as follows. The mechanism design and parameter optimization of the energy harvester are presented in Section II. The dynamic model of the piezoelectric device is derived in Section III. The fabrication of a prototype harvester and experimental study are conducted in Section IV. Section V concludes the paper.
II. MECHANISM DESIGN
Taking the public bus as an example of application scenario, the actual working environment of the handrail energy harvester is introduced in this section (see Fig. 1 ). Then, an appropriate bridge-type force amplifier is designed and its parameters are optimized. Additionally, to make the mechanism work safely, an external protection mechanism is designed around the harvester. 
A. WORKING PRINCIPLE
A computer-aided design (CAD) model of the proposed energy harvesting handrail is shown in Fig. 2 . Before the mechanism design of the harvester, the movement information data of a bus handrail are acquired by an acceleration sensor (see Fig. 1 ) during the bus driving. The collected data are shown in Fig. 3(a) , which indicate that the handrail has two motion states. One is a small-amplitude, high-frequency vibration and the other is a large-amplitude, low-frequency vibration as depicted in Figs The small-amplitude, high-frequency vibrations represent the normal driving of the bus, while the large-amplitude, low-frequency vibrations indicate that the bus starts and stops (e.g., arriving and leaving the station) or turns. When the bus is started, stopped, and turned, a large pulling force is exerted on the handrail by passenger due to the inertial effect. At this moment, the impact of the pulling force on the handrail is much greater than that of the vibration.
In view of the actual working conditions, the energy harvesting handrail needs to possess two different working modes. One is to collect the energy excited by the smallamplitude, high-frequency vibration of the bus, and the other is to scavenge the energy produced by pulling force on the handrail which is exerted by the passenger.
Referring to the CAD model as shown in Fig. 2(a) , the designed handrail energy harvester is composed of a piezoelectric stack, a force amplifier mechanism, a protection frame, and a clip for fixing on the bus. When an inertial force (due to vibration) or pulling force (by passenger) is applied on the input end, the force will be amplified by the force amplifier mechanism and then transmitted onto the two ends of the piezoelectric stack. The piezoelectric stack will generate electric power based on the direct piezoelectric effect.
1) FORCE AMPLIFIER MECHANISM
The CAD model of the force amplifier mechanism is shown in Fig. 2(b) , which is a compound bridge-type compliant force amplifier. The force amplifier is a core component of the energy harvesting handrail, which can improve the energy conversion efficiency of the piezoelectric stack. The workspace of the energy harvesting handrail is in threedimensional, and there is not only vibration excitation in Y direction, but also interference in X and Z directions (especially in X direction, when the bus is stopped or started). The compound bridge-type force amplifier has larger lateral stiffness and better anti-jamming ability than the ordinary bridge-type amplifier, and it is more suitable for the concerned working environment [21] . This is one reason of choosing the compound bridge-type force amplifier in this work.
2) PROTECTION FRAME MECHANISM
In order to prevent the material damage of the mechanism (due to excessive tensile stress) and to limit the impact of the deformation on bus passenger, a protection frame is designed as illustrated in Fig. 2 (c). It consists of three parts, i.e., the left and right brackets, and intermediate connection cylinder. The two brackets and the cylinder are connected to the bus fixing mechanism and force amplifier mechanism by screws, respectively. Specifically, when the vertical deformation of the force amplifier mechanism reaches y, the wafer will contact the bracket and prevent further deformation, thereby achieving the purpose of mechanism protection.
Another function of the protection frame is to reduce the interference of forces on the mechanism. The ideal situation is that the mechanism only suffers from the vertical downward pulling force. Whereas in practice, the pulling force is applied at a random angle to the vertical direction. The horizontal component of the pulling force may induce damage of the mechanism. Thus, it is necessary to offset the component of the pulling force at certain level, which is constrained by the radial clearance r. When the horizontal displacement reaches r, the cylinder will contact the bracket and prevent further horizontal movement, thus achieving the purpose of protecting the mechanism. In this work, the vertical and horizontal displacement ranges are limited by y = 1 mm and r = 0.5 mm, respectively.
B. PARAMETER OPTIMIZATION OF THE FORCE AMPLIFIER MECHANISM
The output performance of the force amplifier is primarily governed by the flexure beam dimensions, such as the length, height, thickness and width. Therefore, these dimensions are selected as the key design parameters. In order to optimize the performance of the force amplifier mechanism, the key parameters are optimally designed by resorting to multi-objective genetic algorithm (MOGA) based on finite-element analysis (with ANSYS Workbench software). The material of the amplifier is selected as Al-7075, whose main properties are shown in Table 1 . First, to achieve a higher voltage and power output, the dominant objective of optimization is to maximize the force amplification ratio of the force amplifier. The safety factor is defined as the ratio between the allowable maximum stress and actual maximum stress of the material, and the safety factor should be greater than 1 in practice. Thus, to prevent the material failure, the safety factor of the force amplifier needs to be greater than 2.0 under the two working modes. In addition, to minimize the unwanted impact on passenger's comfort, it is necessary to limit the deformation of the force amplifier to be less than 1 mm ( y).
Based on the above constraints, the parameters of the force amplifier mechanism are optimized as tabulated in Table 2 . When the force amplifier is preloaded with 20-N pulling force and given a vibration excitation with the amplitude of 0.01 mm and frequency of 30.5 Hz (the same as the case in experimental study), the simulation results of the total deformation, safety factor, and equivalent elastic strain of the mechanism are shown in the Figs. 4(a), 4(b), and 4(c), respectively. When a pulling force of 300 N is applied on the force amplifier, the simulation results of total deformation, safety factor, and equivalent elastic strain are depicted in Figs. 4(d) , 4(e), and 4(f), respectively. Under the input force of 300 N, the induced maximal deformation and minimal safety factor are 1.005 mm and 2.316, respectively. In addition, the input force of 300 N produces an output force of 2394 N by the force amplifier, which is exerted on the piezoelectric stack. Thus, the force amplification ratio of the mechanism is obtained as 8 approximately. 
III. MODELING OF PIEZOELECTRIC STACK
Piezoelectric stack is adopted as the energy conversion material based on d 33 effect. There are many methods for modeling the piezoelectric stack, and the single-degree-offreedom dynamic model has been adopted due to its merits of good precision and easy implementation [22] - [24] . Based on such approach, the electromechanical coupling effect of the piezoelectric stack is formulated, and the voltage and power outputs of the energy harvesting handrail are predicted in the following.
The detailed structure of the multilayer piezoelectric stack in parallel connection is shown in Fig. 5(a) , where t p is the thickness of a single piezoelectric layer, n is the number of layers of the piezoelectric stack, L is the length of the piezoelectric stack, and v(t) is the voltage output of the piezoelectric stack under the action of an external force.
According to actual situation, the dynamic model of the piezoelectric stack can be simplified to represent the axial vibration of a flexible rod under pressure applied at both ends as illustrated in Fig. 5(b) , where F p (t) is the piezoelectric force, F(t) is the force applied to the piezoelectric stack, m is the equivalent mass of the piezoelectric stack, and x(t) is the displacement. The damping of the piezoelectric stack has little influence on the dynamic characteristics and is negligible. Thus, the dynamic equation of the single-degreeof-freedom model is established by Newton's second law as follows [25] , [26] :
In order to derive the relationship between the applied force F(t) and output voltage v(t), it is necessary to understand the electromechanical coupling effect of the piezoelectric material. The linear constitutive equations of piezoelectric stack can be written as [25] , [26] :
Equations (2) and (3) represent the mechanical response and electrical response of the piezoelectric material, respectively. The axial strain and stress of piezoelectric stack under the applied force F(t) are denoted by S 3 (t) and T 3 (t), respectively. E 3 (t) and D 3 (t) are the electric field density and electric displacement, respectively. s 33 is the compliance, d 33 is the piezoelectric coupling coefficient, and ε 33 is the dielectric permittivity. The subscripts denote the direction of each property. The superscript E indicates that the parameter s 33 is measured at constant electric field. The superscript T indicates that the parameter ε 33 is measured at constant stress. Since the piezoelectric films are connected in parallel together, the current working frequency is smaller than the natural frequency of the force amplification frame with an inner piezoelectric stack. The strain, stress, electric field density, and the electric displacement can be related to the displacement x(t), force F(t), the voltage v(t), charges over all cross-sectional areas q(t), and the cross-sectional areas A. The relationships are written as:
Substituting the above terms into (2) and (3), gives
where E = 1 s E 33 is the elastic Young's modulus. The expression of F p (t) can be obtained by solving (5) . Then, F p (t) is substituted into the dynamic equation (1), which results in the expression:
In the absence of external electric field and by neglecting the influence of damping, the elastic deformation of the piezoelectric stack under an external force can be approximated by a spring with the longitudinal stiffness of k = EA L . The relationship between the applied force F(t) and displacement x(t) is described by F(t) = kx(t). Substituting this relationship into the electrical response equation (6), yields
As shown in Fig. 5(a) , the external resistance is R and the voltage is v(t). It can be obtained by Ohm's law that
whereq(t) is the circuit current, R denotes the resistance, and C p = nε T 33 A t p is the capacitance of the piezoelectric stack. Further simplifying the above equation (9) and combining it with (7) , gives
Once the force applied on the piezoelectric stack is known, the output voltage of the piezoelectric stack can be predicted by solving the foregoing equations. Furthermore, the output power can be calculated by:
IV. PROTOTYPE FABRICATION AND EXPERIMENTAL TESTING RESULTS
In this work, a prototype of the energy harvesting handrail is fabricated with optimal parameters, and the harvester performance is verified through experimental study.
A. PROTOTYPE FABRICATION
The fabricated prototype of the energy harvesting handrail is shown in Fig. 6(a) . The compound bridge-type force amplifier is fabricated by wire-electrical discharge machining technology with the material of Al-7075. The protection frame is made of steel material. The fixing clip is fabricated by a 3D printer with the material of ABSplus. The experimental setup is shown in Fig. 6(b) and (c). A shaker (model: KSI-758ST150, from Beijing KingSci Instruments, Inc.) provides vibration excitation to the harvester. A triaxial displacement platform provides support and applies preloading force for the mechanism. A force sensor (model: LSB200, from Futek Advanced Sensor Technology, Inc.) and a laser displacement sensor (model: LK-H055, from Keyence Inc.) are used to measure the applied force and vibration displacement of the mechanism, respectively. The variable resistance box (model: ZX21A, from Shanghai Precision Instruments, Inc.) provides an external resistor for experimental study. The measured data are collected by a data acquisition device (model: PXIe-1082, from National Instruments, Inc.). The main parameters of the piezoelectric stack (model: RP150/5x5/30, from Harbin Soluble Core Tech Co., Ltd.) are shown in Table 3 . 
B. TEST RESULTS WITH VIBRATION EXCITATION
First, a vibration test was conducted on the energy harvesting handrail to verify the feasibility and effectiveness of the proposed structural design. The vibration signals of the bus handrail collected by an acceleration sensor are shown in Fig. 3(b) . Spectrum analysis has been performed and the result is shown in Fig. 3(d) . It indicates that the vibration frequency and amplitude of the handrail acceleration are approximately 30.5 Hz and 0.46 m/s 2 , respectively. In order to facilitate the experimental study, this work adopted a sinusoidal wave with the same frequency and amplitude to approximate the real working conditions of the handrail. The displacement characteristics of the handrail, whose amplitude and frequency are 0.01 mm and 30.5 Hz respectively, can be obtained through double integrations. The displacement vibration was used as an excitation for the mechanism vibration test. During the normal driving of the bus, the passenger applies a certain pulling force on the handrail, which is measured as about 20 N. Therefore, a 20-N preloading force is required to be applied on the mechanism when performing the vibration test.
It is observed from (12) that the output power is inversely proportional to the external resistance. Thus, in order to obtain an optimal power output, it is necessary to select a suitable resistor. The variation of average power output for the energy harvesting handrail with various resistive loads is plotted in Fig. 7 . Because of the capacitance behavior of the piezoelectric stack, the impedance can be calculated as:
where ω = 2π ×30.5 rad/s is the frequency of the excitation signal. Based on electrical impedance matching, the maximum power output occurs when the resistive load matches the source impedance. By resorting to (13) , the optimal resistance is calculated as 1683 . Then, according to the experimental result given in Fig. 7 , the maximum average power output of the energy harvesting handrail is 80.6 µW when the resistive load is 1700 . This indicates that the experimental result is consistent with the calculated value of resistance with a small discrepancy of only 1%. The energy harvesting handrail has been tested several times and one typical result of vibration test is shown in Fig. 8 . The calculated and measured voltage and power outputs of the energy harvesting handrail at the resistive load of 1700 are given in Figs. 8(a) and 8(b), respectively. Under the vibration excitation, the peak-to-peak voltage output of the harvester is about 1 V, and the amplitude of the output power for the harvester is about 150 µW. It is evident from Fig. 8 that the output voltages and powers of the energy harvester obtained by simulation and experiment are very close to each other, respectively. The average powers generated by experiment and simulation are 80.6 µW and 80.3 µW, respectively, with a discrepancy of 0.37%. The experimental and simulation results show that the designed energy harvester can effectively collect the vibration energy during the bus driving. Although the scavenged energy is only about 80 µW (relatively low), it is enough to supply low-power electronic devices.
C. TEST RESULTS WITH RANDOM PULLING FORCE
Second, the energy harvesting handrail was tested by applying a pulling force. When the bus stops, starts, and turns, the acceleration characteristics of the handrail and its frequency analysis are shown in Figs. 3(c) and 3(e), respectively. At the moment of such motion states, the passenger will exert a large pulling force on the handrail due to the inertial effect.
The schematic diagram of the random pulling test for the handrail is shown in Fig. 6 . The harvester was fixed with the cross beam through a clip. The clip, protection frame, and force amplifier were fixed together by screws.
The performance of the harvester was tested by randomly pulling down the handrail. Moreover, in order to measure the pulling force, two strain gauges with half-bridge connection were used to construct a force sensor to measure the pulling force applied on the handrail.
According to the frequency distribution characteristics of low-frequency modes as shown in Fig. 3(e) , it can be observed that the dominant frequency is about 1.5 Hz. According to equation (13) , the theoretical optimal resistance of 34227 is calculated at 1.5 Hz. Therefore, 35000 is chosen as the external resistance for random tension test. Under a pulling force input given in Fig. 9(a) , the simulated and measured voltage and power outputs of the energy harvesting handrail at the resistive load of 35000 are illustrated in Figs. 9(b) and 9(c), respectively. The peak voltage output of the harvester with random pulling test is more than 20 V. The peak output power of the harvester under random pulling test is about 15 mW. In addition, as shown in Fig. 9 , under a random pulling force, the output voltages and powers of the energy harvester obtained by simulation and measurement are very close to each other. As compared with the vibration excitation result, the deviation between simulation and experimental results of random pulling test is relatively larger. The maximum power difference is up to 9.8%. The experimental and simulation results reveal that the energy harvester designed in this work can effectively collect the energy induced by a pulling force during the bus driving.
D. DISCUSSIONS
Through the experimental testing of the energy harvesting handrail, it is found that the energy harvester provides a higher power output under a pulling force excitation, and the generated energy is about 100 times that under the vibration excitation. It indicates that the piezoelectric stack is more suitable for collecting energy from the pulling force input. However, as compared to piezoelectric patch, the piezoelectric stack exhibits certain advantages regarding vibration energy recovery. Using two piezoelectric patches (12 mm × 10 mm × 0.6 mm), the previous work [27] reported an energy output of 30.55 µW under the speed of 7 Km/h, whose energy density is 0.212 µW/mm 3 . In the current work, the power and energy density obtained by the adopted piezoelectric stack (4.0 g) are 150 µW and 0.214 µW/mm 3 , respectively. That is, the developed harvester provides a larger power output and exhibits the same level of power density as the previous work, as shown in Table 4 . The superiority of the generated power density is not so obvious due to the relatively small vibration amplitude of the application environment in this work. Additionally, the test result of the proposed harvester with random pulling force is compared with those of the previous work [25] , [28] , as tabulated in Table 5 . The output power produced by the presented harvester is up to 15 mW, which is much larger than those in the previous work [25] and [28] . In addition, the energy density obtained by the random pulling test in this work is 21.4 µW/mm 3 , which is 21 and 116 times those of the previous work [25] and [28] , respectively. A better performance of the proposed energy harvester is enabled as it can withstand a greater pulling force. As an example of application, multiple energy harvesting handrails can be installed in a bus in practice. Hence, the energy collected by the energy harvesting handrails is considerable. The scavenged energy is sufficient to power the alarm bells and signal lights on the bus. Moreover, the collected energy can also be used to power low-power electronic devices (such as wireless bluetooth headset) for passengers on the bus.
V. CONCLUSION
In this paper, a new type of energy harvesting handrail with two working modes was designed, manufactured, and tested. The handrail mainly consists of the clip, force amplifier, piezoelectric stack, and protection frame for collecting the energy generated during the bus driving. The force amplifier was optimally designed by using MOGA method, so that it provides the largest force amplification ratio and safety factor. Dynamic model was derived to characterize the piezoelectric stack for predicting the output voltage and power of the energy harvesting handrail. In both vibration test and random pulling test, the numerical results are in good agreement with the experimental results. This indicates that the developed model can be used to predict well the output voltage and power for the energy harvester. Experimental results show that the maximum voltage and power output of the harvester are 1 V and 150 µW under vibration state, and 20 V and 15 mW under random pulling state, respectively. Both experimental and simulation results reveal that the harvester can be used to collect the energy generated by the bus handrail in different motion states. Future work includes the design improvement of the harvester mechanism to further enhance the output power density.
